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Abstract 

Quantum measurement problem still is unconsensus since it has existed many years and inspired 
a large of literature in physics and philosophy. We show it can be subsumed into the quantum 
theory if we extend the Feynman path integral by considering the relativistic effect of Feynman 
paths. According to this extended theory, we deduce not only the Klein-Gordon equation, but also 
the wave-function-collapse equation. It is showing that the stochastic and instantaneous collapse 
of the quantum measurement is due to the "potential noise" of the apparatus or environment and 
"inner correlation" of wave function respectively. Therefore, the definite-status of the macroscopic 
matter is due to itself and this does not disobey the quantum mechanics. This work will give a 
new recognition for the measurement problem. 



* (cKxiangzi@semi.ac.cn 



I. INTRODUCTION 



Quantum measurement is a old and vexed topic in quantum world. It is brought into 
quantum theory in order to solve the conflict between the definite status in macroscopic world 
and superposition-state in microscopic world. According to the standard interpretation of 
quantum measurement, the definite status is due to the superposition state collapsed under 
a measurement. It seems that the micro-to-macro conflict is solved under the standard 
quantum theory interpretation, but it brings out more arguments than that it solves because 
this interpretation does not give the further instruction about why and how this collapse 



181 ] . These arguments focus on the definite outcomes problem 
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22(, prefer- 



happens 

basis problem 28N32| and the probability and instantaneity character of the wave function 
271 ] . Especially, the process of quantum measurement, whether the character 



instantaneity and probability could be resumed into the present theory is unknown yet, 
because the former seems to break the special relativity theory, and the latter appears to 
incompatible with the reversible time evolution of the Schrodinger equation. Therefore 
quantum measurement becomes one of the most puzzled concepts in QM . 

In this paper, we propose a new theory to review the physical mechanism of the quantum 
collapse. It is called extended Feynman path integral (EFPI). This new theory not only is 
compatible with the standard quantum theory, but also could deduce some new conclusion, 
such as the the Klein-Gordon equation but also show the inner nonlocal correlation of wave 
function. Moreover, this new theory could be used to clearly and perfectly interpret the 
unsolved problems of quantum measurement proposed above. The EFPI is the a relativity 
modification of Feynman path integral (FPI). In fact, FPI is a non-relativistic formulation 
because the Lagrangian action S = J *L(r)r is a non-relativistic [33j. Therefore, it is 
necessary to consider the a relativity extension of FPI. It is worth reminding that this 
extension is different from the quantum field theory because we modify the formula of FPI 
rather than quantize the wave function. According this extension, we get a collapse equation, 
showing that the stochastic and instantaneous collapse of the quantum measurement is due 
to the "potential noise" of the apparatus or environment and "inner correlation" of wave 
function. Moreover, to test and verify these conclusions, we design a suggestive experiment, 
which is based on the magnetic Aharonov-Bohm effect 341437] . 

The novelty of this work is it subsumes quantum measurement into quantum theory 



and predicts the quantum measurement can be control. It not only perfectly demonstrates 
the probability and instantaneity character of the wave function collapse, and solves the 
preferred-basis problem in quantum measurement, but also firstly shows the origin of the 
quantum nonlocality in wave function. Theoretically, it is a break-through for the nowadays 
quantum theory and can be seemed as an alternate way to solve the other problems and 
assumptions in quantum theory, such as the spatio-temporal view of the teleportation in 
quantum information and the non-preference assumption in statistical mechanics. 

This article will be organized into five parts. First of all we discuss why and how to 
extend FPL In this section, a new formalization of path integral is obtained. It is shown 
its low-energy approximation is FPI. In next section, we point out that the Klein-Gordon 
equation is just a deduction of EFPI. However, the EFPI is more fundamental than the 
time-evolution equation. As can be seen the Klein-Gordon equaiton cannot describe the 
single particle's evolution but the EFPI can. We also explore density-flux equation and the 
nonlocal correlation of wave function. In section 4, we come to the other core of the paper 
by interpreting how the wave function collapse happens though the EFPI. Schrodinger cat 
paradox is detailed and the numerical simulation of two-state collapse is given. Subsequently, 
we detail a thought experiment to test and verify the EFPI theory. We predict that the 
interference effect will transform into the diffraction effect in the magnetic Aharonov-Bohm 
experiment if some special fluctuated magnetic field is added in. Finally, we will conclude our 
analysis with a short discussion of the relationship between EFPI and other interpretations. 



II. THE EXTENDED FEYNMAN PATH INTEGRAL 

In the history of the quantum theory, there are three well known expressions, namely 
the differential equation of Schrodinger, the matrix algebra of Heisenberg and the FPI. 
These three expressions always seemed equivalent, but they have their own focuses: The 
Schrodinger and Heisenberg expressions focus on the evolution of states and operations 
respectively, whereas, the path integral formulation of Feynman on the "relation" between 
Lagrangian mechanics and quantum mechanics. FPI has proved crucial to the subsequent 
development of theoretical physics, especially of the quantum field and quantum statistics. In 
this section, we show it is also the candidate in solving the quantum measurement problem. 
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A. The Relation Between FPI and Wave Function Collapse 



It is known that FPI is extended theory for the quantum propagator, describing the "cor- 
relation" of point to point as states are evolving and the another "correlation" in quantum 
mechanics appears in the process of quantum measurement. When a quantum measurement 
is made on a wave function diffusing in all of space, such as the measurement of the position 
of an electron in the experiment of double-slit interference, it will be found that the whole 
wave function will instantaneously change and collapse into the measured position with the 
exact location described as a range of probabilities. It is thought that there is some inner 
"correlation" in the wave functions transferring the action of the measurement from the local 
part to the whole. Comparing these two "correlations" , once the process of wave-function 
collapse can be subsumed into quantum dynamics by some theory, it might be the Feynman 
path integral. 

Furthermore, the action in Feynman path integral formulation is a non-relativistic form 



391 ] . The question arisen is: what would happen when the non-relativistic action is extended 



to the relativistic action? According to the thought of Feynman, all possible paths should 
be included to compute the propagator in non-relativistic quantum mechanics. Therefore, 
the superluminal trajectories might be included in possible paths to calculate the quantum 
amplitude. And then, we want to calculate the relativistic effect of the trajectories of FPI. 



B. The Concrete Form of The EFPI 

The propagator in non-relativistic quantum mechanics is defined as 

K(r,r ;t,t ) = (r\U(t,t )\ro), (1) 

where U(t,to) is the unitary time-evolution operation for the system taking states at time 
t to the states at time t: U(t,t )\<&(t )) = | $(£)). 

In 1984 Richard Feynman found a space-time approach that is proportional to the prop- 
agator in quantum mechanics. It is known as the FPI. In this theory, the propagator in 
quantum theory can be expressed as 

K{r,r ;t,t ) = C ^ exp(iS/H), (2) 

all paths 
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According to the second postulate of Feynman [33J, the coefficient C in Eq. (j2J) is considered 
to be a constant independent of the paths. However, is it necessary for C to be a constant? 
or is this just an approximation of a higher-level theory in some conditions such as when 
relating Newtonian mechanics to the relativity? With a bold try, we rewrite the Eq. (J2J) into 
a general form as following (To avoid confusion, F(r,r Q ;t,t ) is used here). 

F(r,r ;t,t ) = R(r,t ) ]T W(p) * exp(iS/h), (3) 

all paths 

where, the path functional W(p) is the path weight factor and the coefficient function 
R(r, t ), independent of paths, is the whole weight factor (be notified that the form R(r, t ) 
depending on the structure of the space manifold, viz., the dimensionality and continuity, 
can be a real function or differential operator). Basing on our analysis, The formulation of 
F(r, 7*o; t, to) should be satisfied three limitations: 

1. The mathematical requirements. A proper formula about F(r,ro;t, to) should be 
satisfied the combination rule F(r,r ;t,to) = J F(r,r 1 ;t,ti)F(r 1 ,r ;ti,to)d 3 r 1 . and 
the summation in Eq. 03) (for the continuous spectrum, the summation transforms 
into integral formula) should convergence. 

2. The physical requirements. A proper formula about F(r, vq; t, to) should be consisted 
of four-dimension scalars, vectors or tensors. 

3. simplification and compatibility. A proper formula about F(r,r ;t,to) should be as 
simple as possible and can transform into the formula K(r, Vq] t, to) in non-relativistic 
theory. 

It should be reminded that the first limitation is the guarantee for us to get the time- 
evolution equation. To show this conclusion, we should use the character of the propagator 
F(x, x ]to + e,to), where e — > and calculate the 4>(x,t + 2e) using two approaches. On 
one side, 

<fi(x,to + 2e) = J F(x,x ;to + 2e,t )(l)(xo,to)dxo 
^4>(x, to) + 9 ^ to) (2e) = 0(x, t ) + G(2e)4>(x, t ); (4) 

Oto 



On other side, 

(p(x,t + 2e) = I F(x,x ;t + e,t )(f)(xo,t + e)dx 



= J F(x,x ;t + e,t ) J F(x, Xi,t + e,t )(f)(x 1 ,t )dx 1 dx 

=*l>(x, t ) + ?&M(2e) = 4>(x, t ) + 2G(e)cf>(x, t ). (5) 
oto 

To obtain these two equation, we should note \im £ ^. G(e) = and lim e ^ G(e)/e = cons.. 
Therefore, according these two conclusion, if F(r,ro\t,to) satisfies the combination rule, 
then, 

G(2e) = 2G(e) <=> G(e) = ge; (6) 
d<f){x,t ) 

~df — = 9n x ^o)- ( 7 ) 
Comparatively, if the F(r, r ; t,t ) does not satisfy the first limitation, then G(e) cannot be 
rewritten as the separation of variable e, namely G(e) ^ ge and therefore, we could get no 
time-evolution equation. 

These limitations demarcate the formula of F(r,r ]t,t ). For example, according to 
these three limitations, the W(p) cannot be a constant, or else, on the assumption that 
W(p) = Wo, we will get the infinitesimal time-evolution as 

F(x, x ; t + e, t ) = R(x, t )W exp ( \L ( (a? + x)/2, — — -, to ) /he ) , (8) 



e 

where L(x,x,t) is Lagrangian function in relativity. Consequently, 

(f)(x,t +e) 

/oo 
exp (iL((x - x)/e)e/h) <j>(x Q ,t )dx 
-oo 

exp ( — i^/l — v 2 /c 2 e/T ) <p(x + ve, t )edv 

-oo 

= R(x,to)W Q <ponce (-Y^e/ro) + iJi(e/r )) , (9) 

where, J v (z) and Y v (z) are called the Bessel functions of first kind and the Bessel functions 
of the second kind or Weber's function respectively, and To = h/(mc 2 ). At the last step of 
Eq (jSJ), we set 0(xo,to) = 4>o- Because the Eq Q should be hold when e — > 0, therefore, 
R(x, to) = (2Woc)~ 1 . We can see, (j)(xo,t + e) can be expanded into the integer-order series 
of e 

0(x o , to + e) = 0(x o , to) + e 9 ^^ + ^)- ( 10 ) 



However, Yi(e/r ) can not be expanded into the integer-order series of e 

Yl(e/To) = JJ1 + £ -l + 20^-21n(2) + 21n(.A ) + 
7T£ 27rr 

Ji(e/r ) = -^ + O(£ 3 ), (11) 
2r 

where 7^ is the is Euler's constant, with numerical value ~ 0.5772. Because Yi(s/tq) contains 
the term ln(e/ro), which it cannot expanded into the integer-order series of e, therefore, the 
combination rule can not be satisfied. Similarly, the formula like W(p) = l/(Ar) n , where 
n G Reals, is also improper because the F(x,xo;t,to) cannot convergence. 

Although these three limitations could eliminate many possible candidates formula of 
F(r,r ;t,t ), it is still more inspirational than rational for us to fix on an appropriate 
formula. Basing on many calculations, we find W(p) could be finally explored as 



Hp) V 2 



V(p) = J t [ V2mTdr. P, T and At are called the momentum, kinetic energy and proper 
time in terms of four- dimensional space-time. Their formulations are the followings 

P(p)= f\P\dr= f mX dr; 

J t J t V 1 - X 2 /C 2 

V(p) = J V2mTdr = jf ^2m 2 c 2 (l/y/l - x 2 /c 2 - ljdr; 
At= f y/l - x 2 /c 2 dr. (13) 

J to 

This definition of W{p) agrees with all the mathematical and physical demands proposed 
above. In non-relativistic mechanics P = V and At — t± — t , then the coefficients are 
independent of paths and the theory transforms to the Feynman's path integral formulation; 
In the relativity realm, P and V are no longer equivalent and new conclusions will be reached. 
The special differences between EFPI and FPI is shown in Tab. 1. 

III. THE TIME-EVOLUTION EQUATION AND DENSITY-FLUX EQUATION 
BASED ON EFPI 

In this section, several new results about some important concepts based on EFPI are 
obtained. First of all, we should note 



0( 



/oo pT\ / rt \ 

R(r,t Q )d ri D[r 2 (t)]W(p)exp i / L{v 2 ,r 2 ) jhdt x U(r 2 ,t ), (14) 
00 Jr V ho J 



and the complete formulation of the Lagrangian in relativity 

L = -mcVl-« 2 /c 2 + A(r , t ) ■ r - V(r , *„), (15) 

of which A(r,t) and V(r,t) are the vector potential and the scalar potential respectively. 
We also should set the rule: \/l — v 2 /c 2 = —i\Jv 2 /c 2 — 1 if \v\ > c. The trajectories in 
the FPI are not the real movement of a particle, namely the v is not the real velocity of a 
particle, and therefore \v\ could be greater than the velocity of light c. 



A. Time-evolution equation 

The FPI reproduces the Schrodinger equation. The theory presented here gives a new 
differential equation. 



m d<P(r,t) 



^ v m 2 c 4 + (— iW - A(r,t)) 2 c 2 + V(r,t)^ (f>(r,t), (16) 

Eq. (TIB]) will be reduced to the Schrodinger equation for low energy cases: (0|p 2 c 2 |</>) <C m 2 c 4 . 
One can obtain Eq. ( jTB"]) by using the corresponding relation between operations and physical 
quantities, such as \hd t — > E and — iftV — > p into the equation E = ^Jm 2 c A + p 2 c 2 . In fact, 
Oscar Klein, Walter Gordon and Paul Dirac got their relativistic quantum equations with 
the help of the corresponding relation. Here, we show it is just a conclusion of EFPI. 

To demonstrate the Eq. (ITBjl . we give a detail deduction of the free-particle equation 
in one-dimension in the followings. The other situations can be seen in detail in SOM 
(Supporting Online Material). 

To get the time-evolution equation from the Eq. ( fl4|) . we should consider the infinitesimal 
time distance e = t — t — > in Eq. ( H%|) . According the analysis of Feynman, the integral 
of HH can be taken along a straight line for infinitesimality e. Therefore, we can get the 
following equations. 

(f>(x,t + e) 

W \ x, ,e\ exp ML( ) £ /^j 4>(xo,to)dxo 

eW(x, v, e) exp ( — i^/l — v 2 /c 2 e/r ) <fi(x + ve, t )dv 

oo 

= h(x, t + e; {W, 0(x o )}) + h{x, t + e; {W, 0(x o )}) 

= I{x,t + e;{W,<f>}) (17) 



of which, 



h(x,to + e;{W,(j)(xo)}) 

= R(x,t ) J eW(x, v, e) exp ^—iy/l — v 2 /c 2 e/to^ 

<p(x + ve, t )dv; (18) 



and 



I 2 (x,t Q + e;{W,(P(x )}) 

— R(x,t ) J eW(x, v, e) exp (—\Jv 2 /c 2 — le/r j 

(4>(x + ve,to) + 4>(x — v£,t ))dv. (19) 

Because any smooth function can be expanded into Taylor series, therefore to calculate the 
function I(x, t + e; {W, 0}), we should calculate the terms = (x — x ) n firstly. 

h(x,t + e;{W,(x-x ) 2n }) 

= 2R(x, t )r 2n+1/2 c 2n+1 f e 2 n+1/2 (l - (1 - u) 2 ) n U - 1/2 exp(-ie + iue )du; (20) 

Jo 

and, 

I 2 (x,t + e;{W,(x-x ) 2n }) 

/l+ioo 
e 2n+l/2^ _ (1 _ u yy u -l/2 exp (_ i£o + iM£o )rf M) (21) 

where e = e/r . 

Considering the contour integral as following 

<ff{z)dz= lim (- [ + f(y)dy+ [ f(x)dx+ [ f(z)dz) , (22) 

where f(z) = (1 — (1 — z) 2 ) n z~ l l 2 exp(— ie + i-z^o)- We can see there is no singular point in 
the contour area, therefore § f(z)dz = 0. Additionally, 



lim f(z) = 0, (23) 

|z|->oo,O<0<7r/2 



consequently 



a— >oo 



lim ( / f(z)dz ) = 0. (24) 

'C^|a|expi6> 



According to the Eq. (1221) and Eq. (1241) . one can find that 100 f(y)dy = f(x)dx. 
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Therefore, we can evaluate the formula I into 
I(x,t +e;{W,(x-x ) 2n }) 



r+oo 

= 2R(x, t )r 2n+1/2 c 2n+1 / e 2 n+1/ \l - (1 - u) 2 ) n u^ 2 exp(-i£ + ius )du 

Jo 

= 2R(x, t )i 1/2 r 2ri+1/2 exp(-ie )c 2n+1 r(2n + l/2)M(-n, 1/2 - 2n, 2ie ), (25) 

where, M(a, 6, z) is Kummer's function of the first kind. Letting ip = exp(ipx / h) in Eq. (1171) . 
we show the following relations according discussion above: 

I(x, t + e; { W, ip}) 

= I(x, t + e; {W, exp(— ipx + ipx /h)}) exp(ipx) 
g/(,. f0 + £ ;{ Iy . (i ^-^ /fi)2 " })exp(i P .) 

1 1 

/l — ir pc/h a/1 + lT pc/h 

exp ^— i-y/ m 2 c 4 + p 2 c 2 e/h) exp(ipa;j . (26) 



n=0 

i?(x,to)(ir 7r) 1/2 c 



To obtain the value of R(x, t ), we should note that I(x, to] {W, ip}) = <p, therefore, R(x, t ) 
should be 

R(x,t ) = R= J— ^JL=. (27) 

Then, recalling the combination rule, the infinitesimality e in ( 126]) can be substituted by 
arbitrary t — to, and the time-evolution equation in one-dimension can be expressed as 

(f)(x,t) = I{x,to + e;{W,<j)}) 

I{x,to + e;{W,^{p)ip})dp 



e 



'^V^^.io). (28) 



It is worth pointing out that Eq. (TIB"]) is not a Lorentz covariance. This is not surprised 
because only the positive-energy solution is discussed here and Lorentz invariance could be 
satisfied if the negative-energy solution is included. Let H' = -x/m^c 4 + (p — A ) 2 c 2 , and use 
$ + and $_ denoting the positive-energy solution and negative-energy solution respectively 

d 

{iU— - = —H (29) 
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Comparison 


EFPI F{r,t;r ,t ) 


FPI G(r,t;r ,t ) 


Formula Expression 


R(r,t )EsW(p)eMiS/h) 




Low Energy 


f» G(r,t;r ,t ) 


G(r,t;r ,t ) 


High Energy 


F(r,t;r ,t ) 


Quantum Field Theory 


Time Evolution 


iW(j)(r,t)/(dt) = Hcp{r,t) 
H = ^m 2 ^ + (p - A) 2 c 2 + V(r) 


\hd(f){r,t)/(dt) = H(f){r,t) 
H = (p - A) 2 /(2m) + V{r) 


Relativistic Effect 
and 

Quantum Nonlocality 


The relativistic effect of "path" 
is presented. 
F(x, t ;xo,to) / 5(x — xq) 


The relativistic effect of "path" 
is unconsidered. 

G(x, t ;xo,to) = 5(x — xq) 


Lorentz Covariance? 


No. Negative-energy solution is 
introduced to keep the covariance. 
— )-Klein-Gordon Equation. 


N/A. Should be extended 
into quantum field theory 



TABLE I. The comparison of EFPI to FPI is shown in this table. We can see the quantum 
nonlocality is discovered when we considerate the relativistic effect of "paths". It is namely the 
quantum nonlocality is due to the relativistic effect in wave function, which have overlooked by 
us for long time. We also can be seen that the antiparticle appears to be the result of Lorentz 
covariance according to the EFPI. 



According to the Eq. (EEJ and letting ip + = l/ v / 2($+ + $_), ip- = l/v / 2($+ - $-), we get 
the Lorentz covariant equations as followings 

_ v) 2 ^ + = (m v + {p _ a )V)V + 

(i^ _ V f^_ = ( m 2 c 4 + (p _ A ) 2 c 2 )^_. (30) 
at 

A worthy reminder is that although ip + and ^_ are the two solution of the Klein-Gordon 
equation, they cannot be used to describe the single particle state. This is because both ip + 
and ip_ contain the both positive-energy and negative-energy compositions. 

B. Density-flux equation 

It is different from the Klein- Gordon equation which has the second order of time deriva- 
tion, wherefore the probability density in Klein-Gordon theory isn't positive definite and 
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fails to describe a single particle, that Eq. (Tl6|) is the first order of time derivation and 
consequently the probability density defined as <fr*4>, which is the same as the one in the 
Schrodinger theory, is positive definite in EFPI. 

In QM, the continuity equation of the probability density describes the transport of con- 
servation of probability density. It is the local form of the conservation law and means that 
the probability does not increase or decrease when particles move from one place to another. 
However, because of relativistic effects, the probability density is not locally conserved. It 
is showed the probability density-flux should obey the following equation 

9p(r,t) 



at 



+ V-j(r,t)+J2 B nV n Q n (r,t) = 0, (31) 



n=2 

where j(r,t) = H/(2im)Qi and 

Q n (r, t) = 4>*(r, t) V>(r, t) - 0(r, t) V>*(r, t); 

B n = -{-ih) 2n - 1 c 2 nCH 2 /{mc 2 ) 2n -\ (32) 

of which, is the binomial coefficient. Here, we call the above equation as density-fluid 
equation which is different from the original continuity equation since it has the first two 
terms. It is the last summarizing term, which caused by relativistic effect, that lead to 
probability density-flux is not a local conserved quantity. 

IV. NEW INSIGHT ON THE WAVE FUNCTION COLLAPSE AND SCHRODINGER 
CAT PARADOX ACCORDING TO EFPI 

A. The inner correlation of the wave function 

To describe the process of the wave function collapse, we return to the expression of 
F and for simplification, we only consider the one-dimension situation about F. For this 
situation, we define the operator R as 

R= , 1 . = (33) 
V2mhc 2 Vmc 2 + H' 

We can see R and n satisfy the commutation relation, [R, n \ = 0, therefore, according to 
the quantum mechanics, the same set of eigenstates {ip n } they will be shared. In further, 
{R n } and {E n } are used to denote the eigenvalues of the operators R and n respectively 
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corresponding with the set {4> n }- It is worth detailing the role of the set eigenstates {0 n } 
here. In QM, the questions of why the outcome of quantum collapse should be a state of a 
specific basis and how the specific basis should be chosen for a special measurement puzzle 
the physiatrists many years. In this text, it is shown that the {<p n } is the preferred-basis. 
We make an assumption here: 

H = v^c 4 + Wx - (Mx, t) + Aj(x, t))) 2 c 2 , (34) 

where A (x,t) is the main vector potential and Aj(x,t) is perturbing vector potential, sat- 
isfying \Aj\ <C \A \, and ((Aj)) = [40|. Aj(x,t) acts as noise under the main vector 
potential Ao(x,t). If we regard the main potential Aq(x, i) produced by the apparatus or 
environment, then Aj(x,t) can be seemed the "potential noise", which is produced by the 
position or movement fluctuation of particles in apparatus or environment. In this article, 
we consider a simply noise type, 

oo 

Aj(x, t) = Y, fn(0(t - nS) - 6(t - (n - 1)6)), (35) 

n=0 

where, the function 9(f) is the Heaviside step function and f n is the constant function. 
For the continuous spectra in one- dimension, 



F(x, x- m t\ t) = R^jJL exp I- ' " ' "j • (36) 

It is different from Feynman's theory, in which K(x,x — r]; t, t) = S(j]), that F(x,x — r]; t, t) ^ 
8(rj). Any abrupt local perturbation at xq of vector potential A(xo,t ) j^sl will instanta- 
neously and directly transfers to x though the function F(x, xq; t, t). This violates the prin- 
ciple of locality that any objective is only influenced directly by its immediate surrounding 
and the correlation F(x,Xo;t,t) acts as the nonlocality. Hence, the correlation F(x,Xo;t,t) 
in wave function is nonlocal. If we don't consider the relativistic effect of the paths, this 
nonlocality will not be discovered. It is indeed the relativistic effect of paths that makes the 
wave function be bound as a block and much stiffer than previously. 



mc 



v\ +if*A(x ,t)dx 



B. Discrete form of wave function collapse equation 

The quantum theory says that any possible state <fi can be expanded into a definite 
linear combination J2 n UnVn- Therefore, a unique set of amplitudes {a n } describes a unique 
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state at the basis-space {<p n }- It is usually supposed that there is no correlation among 
{a n } except the unitarity equation, but there is a difference about that because the nonlocal 
character of F. It is shown here that the probability amplitudes a n satisfy the following 
equations called as the discrete form of wave function collapse equations. 

(t + ) = A nm (t )a m (t); 

m 

^= r 4%U-y (37) 

Here, t + and t~ are used here to distinguish the difference of successive order rather than 
the time, whereas, in fact, t + = t in the above equation [4l| . It is different from the 
non-relativistical quantum theory since where A nm always equal S n>m that A nm 7^ 8 n>m in 
Eq. (|3"Tj) . The condition which makes A„ m (t) = 5 nym is that (f> is one or a superposition 
of degenerate states of the eigenstates {f n }- The process of wave function collapse is the 
one from "nonlocal" (A nm 7^ <5 n ,m) to "local" ( A nm = 5„ im ) under the potential noise Aj. 
Although Eq. ( 1371) is obtained in one- dimension, it is can be extended into three-dimension. 
In this case showed in Eq (|35|) . a m (t) = a m (t~)(l — N n (t~)), where 

Nn(t ] ~ 2E n *(m<* + E n ) ■ (38) 
p m is the eigenvalue of ip m under the operator p — A . To deduce the Eq. (1371) and Eq. 
(138|) . we notice that 



a n (t + ) = / ip n (u,t)*(f)(u,t)du 
J —00 

= J ^n^tym^t)^- 1 \^a m (r)^ m (u,t)j. (39) 

If Aj is very small, the approximation relation is deduced 

V 2(H') 2 (mc 2 + H') J' 1 J 

Substitute Eq. ([40]) into Eq, ([39]), then the Eq. (J37J and Eq. ([38]) are gotten. 

C. The Schrodinger cat collapse 

Schrodinger cat was a paradox proposed by Schordinger in his essay to illustrate the 
"putative incompleteness" of quantum mechanics (QM). It is illustrated that a cat live 
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along with a flask containing a poison and a radioactively source. The radioactive source 



would shatter the flask, releasing the poison and kill the cat, if it decays j42j. Schrodinger 
cat reveals the confliction between the superposition-state description for the behavior of 
matter on the microscopic level and the definite-status appearance that can be observed 
on the macroscopic level. Within the standard quantum mechanical formalism, this cat is 
prepared in a "mixed state" - both dead and alive - if we don't open the box to look at it. 
The truth is that this cat never be seen in the macroscopic world. However, the quantum 
mechanics is experimental proofed to be a very precise theory on the microscopic level up 
to now. Consequently, determining how to solve the micro-to-macro confliction is still a 
difficult problem about the physicists. In this subsection, we will show how to use the EFPI 
to solve this paradox. 

We consider the wave function composition of two eigenstates, which can be written as 
4>(x,t) = ao(t)<fo(x) + cti(t){pi(x). Then we get these recursive relations as following 




Aoo(t-) - Aoo(r)) 

2^(1 -An(r)) An(r) 



no 




(41) 



It is difficult to give an analytical solution about A nm because it is varying as changing. 
However, a general estimation of the value X nm for the two-states wave function can be 
made. It is noticed that Aoo = Ri/Ro if clq = and Aoo = 1 if a§ = 1. i?o, i?i are the 
eigenvalues of tp and (pi under the operator R(x,t ). Obviously, the A o is the function 
of Oq. The simplest one is linear function, and then it can be approximately expressed as 
Aoo = a o + cbfRi/Ro- Similarly, An = a\ + clqRq/Rx. 

According to the recursive relations, an example is shown in Fig. la about the process of 



collapse of two-states, which can be seen as the cat's state a |alive) + ai|dead) [431 ]. varying 
under the action of the potential noise Aj. One can see at initial stages these lines of the 
two amplitudes are seriously oscillatory, but they calm down as soon as one of them become 
zero (one) and then the collapses finish. One type of potential noise is shown in Fig. lb. 
The time of these processes, which is proportional to 5 (the character of the potential noise 
Aj) are very short. Actually, the value of 5 we proposed in Fig. lb is a rough estimate one 
here [44], and it is believed much shorter in real world, therefore the process of collapse is 
instantaneous. According to Fig. 1, it can be seen that the different sets of potential noise 
Aj cause the different results of wave function collapse. As many numerical calculations 
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FIG. 1. The process of collapse and the "potential-noise", (a) shows the process of collapse under 
the potential-noise. The red line denotes the absolute value of probability amplitude ao(t) with the 
initial value 1/2, and blue line denotes ai(t) with the initial value V3/2. The black oscillatory lines 
in windows are the sets of noise function Aj(x,t). The different set of noise causes the different 
result of collapse; and the time of collapse are 0.3 ns in the top picture and 0.1 ns in the bottom 
picture, (b), the top oscillatory curve is the function Aj(x,t) with time and the bottom one is 
the zoom of the blue rectangular region of top one. For this type, the function of Aj(x,t) can be 
expressed as ^ n f n (8(t — n5) — 6(t — (n + 1)5), in which 6(t) is the Heaviside step function whose 
value is zero for negative argument and one for positive argument. The 5 is chosen as 0.25* 10 _13 ns 
and Eq/Ei = 1.25/1.75. 



are made, we find that under the different sets of noise, the ratio | alive) to |dead) approach 
which is the prediction (Burn-rule) according to quantum theory. 

^erefore, the basis-space where collapse will happen is determined by the main potential 



A 
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46] and the tiny potential noise Aj chooses the outcome of quantum measurement 
in this basis-space. It is because the nonlocal correlation F(x,xo]t,t) is hidden in the wave 
function that the noise Ai is no longer an useless and unwanted role in physics. The fluently 
and uncontrolled potential noise Aj makes our world more definite and surprising. Why 
does the collapse relate the nonlocality? It can be understood as this: If there is no nonlocal 
correlation in wave function, the influence of "potential-noise" will be counteracted by its 
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serious oscillatory because the action of every point of noise can't transport instantaneously; 
Oppositely, if the nonlocal correlation exists, the actions of "potential-noise" will be accumu- 
lated because the nonlocal correlation can redistribute these actions to whole wave function 
instantaneously, and then the wave function will finally collapse into a stable state, namely 
ip n in the article. This is why the prefer-basis exists. 

Moreover, we can give a difference between "measurement" between "operation". The 
"measurement" happen on condition that the interaction of system-environment should be 
big enough to distinguish the eigenstates {(p n }- If the interaction is not big enough and 
R n ~ R m , then X mn = according to Eq. f[57|) and collapse will not happen. In addition, 
the "measurement" also needs "potential-noise" to participate in, so the instruments of mea- 
surement should be "macro" enough to produce enough noise. Conversely, the realization 
of "operation" should suppress potential-noise. Therefore, the Schrodinger cat will be im- 
mediately collapse to be dead or alive in the noise world granted it really exists. Hence, we 
always "see" the world in definite and determinate. 



V. PREDICTION AND EXPERIMENT SUGGESTION 

Finally, we briefly mention a possible experiment to test and valify this theory. In the 
experiment to detect the magnetic Aharonov-Bohm effect, the phase ip^ of electrons that 
go through the left side of the solenoid has different value with the one (pL 2 that go through 
the right side. ipi Jl — (fL 2 = —e j s B ■ dS/h. It is known as the Aharonov-Bohm phase. 
However, if we add a fluctuated magnetic field B\, which is much less than Bo and satisfied 
jt+r = o (r is the time that the electrons go through the distant between slits to 

the electron-detector), we could deduce the different phenomenons between the previously 
theory and EFPI. According to the previously theory in QM, this fluctuated magnetic field 
B\ should have no effect for the Aharonov-Bohm phase and the interference fringe will not 
destroy. However, in EFPI, the interference fringe would be expected to be destroyed. This 
is because the nonlocal correlation of wave function. 

Because the movement of the electron on the left side has the same direction with the vec- 
tor potential and the right one has the contrary direction, therefore the main Hamiltonian on 
the left is ^/m 2 c A + (p + eA ) 2 c 2 and the right one is ^m 2 c 4 + (p — eA ) 2 c 2 . Consequently, 
it forms a two-state system and can be analysis with the above conclusion. If the fluctuated 
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magnetic field added into as the form 

oo 

B ± = {-l) n B cons {0{t - n5) - 9{t -{n- 1)5)), (42) 

n=0 

where, (5 C r. Under this fluctuated field, electrons will tend to go through the left slit. 
Then the interference effect will be disappearing and diffraction effect will come forth. 

To realize this experiment, we suggest it is worked in the graphene because the effective 
mass of electron is zero when electrons are in the Dirac point. Hence, we can get the distinct 
difference between this two slits without adding a big magnetic field into. 

VI. CONCLUSIONS 

Measurement, in quantum theory, is not just only a theory concerning the Schrodinger 
cat in alive or dead, or the moon being here or not, but also the key and basement to the 
problem of the interpretation of QM. In fact, the different views for quantum measurement 
yield different interpretation for QM, such as the Copenhagen interpretation, relative-state 
interpretation, Bohmian mechanics and so on. It has attracted many attentions of physicists 
since the beginning of quantum theory establishment, but there is still no consensus. The 
measurement problem blocks up the way to dig out the value of QM especially in recent 
years when the applications of quantum theory are gradually expanded. It is known that the 
local quantum measurement under one of the two distanced entangled particle will cause the 
corresponding state changing for the other one but the quantum unitary transformation will 
not. The important thing is that the question of how to distinguish quantum measurement 
and quantum unitary transformation in a real experiment is unknown yet. In fact, The spook 
action used by Albert Einstein to denote the unique character of the entangled particle is 
mainly due to the nonlocal effect of quantum measurement. 

In this paper, we discuss the extension of the Feynman path integral. According to 
this extension we get not only the new time-evolution equation but also the wave function 
collapse equation. Different from quantum field theory, we just analyze the inner correlation 
of wave function rather than the interaction among fields in the relativity realm and therefore 
we show an inner mechanism of wave function that has never been discovered before. It is 
also different from the decoherence theory although they both consider the influence of 
environment. Our theory pays more attention to potential influence of environment whereas 
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the decoherence theory pays more attention to state-decoherence under the influence of 



environment and it is still a direct application of the non-relativistica 
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481 ] . Additionally, comparing the Dynamical Reduction Models 
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cmantum theory 



531 ]. which is the 



nonlinear revised for Schrddinger equation, our theory is a distinct different approach and 
show this theory can solve not only the preferred-basis problem but the question of why 
does the collapse have the instantaneous and stochastic properties. We believe this theory is 
a way, or granted it is not, it support a new orientation, to solve the measurement problem. 
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